Toxoplasmosis is an infection caused by the protozoan parasite Toxoplasma gondii that can lead to severe sequelae in the fetus during pregnancy. Definitive serologic diagnosis of the infection during gestation is made mostly by detecting T. gondii-specific antibodies, including IgG and IgM, individually in a single serum sample by using commercially available kits. The IgA test is used by some laboratories as an additional marker of acute infection. Most of the commercial tests have failed to reach 100% correlation with the reference method, the Sabin-Feldman dye test for the detection of Toxoplasma IgG antibodies. For Toxoplasma IgM and IgA antibodies, there is no reference method and their evaluation is done by comparing the results of one assay to those of another. There is a need for multiplexed assay platforms, as the serological diagnosis of T. gondii infection does not rely on the detection of a single Ig subtype. Here we describe the development of a plasmonic gold chip with vast fluorescence enhancement in the near-infrared region for simultaneous detection of IgG, IgM, and IgA antibodies against T. gondii in an ϳ1-l serum or whole-blood sample. When 168 samples were tested on this platform, IgG antibody detection sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were all 100%. IgM antibody detection achieved 97.6% sensitivity and 96.9% specificity with a 90.9% PPV and a 99.2% NPV. Thus, the nanoscience-based plasmonic gold platform enables a high-performance, low-cost, multiplexed assay requiring ultrasmall blood volumes, paving the way for the implementation of universal screening for toxoplasmosis infection during gestation.
T oxoplasma gondii is a protozoan parasite capable of infecting virtually all warm-blooded animals. Infection in humans is due primarily to the ingestion of contaminated food or water and is generally asymptomatic (1) . However, in fetuses and immunocompromised patients (e.g., AIDS patients or patients with transplants or cancer or undergoing immunosuppressive therapies), the infection can result in high morbidity and mortality rates. Indeed, primary infection with T. gondii acquired during gestation may lead to miscarriage or severe sequelae in the fetus (2) . In immunocompromised patients, acute infection or reactivation of a latent infection may cause life-threatening syndromes such as toxoplasmic encephalitis, pneumonia, or disseminated disease (3) . It is thus important to screen these particular populations for T. gondii infection in order to take appropriate measures. In some countries, monthly prenatal serological screening is performed for all pregnant women whether or not they are considered at risk for T. gondii infection (4, 5) . In countries with a low prevalence of T. gondii infection, screening of pregnant women at high risk is recommended (6) . This screening allows timely detection of maternal primary infection and leads to preventive or therapeutic intervention in order to decrease the risk of significant ocular and neurological manifestations. In immunocompromised patients, knowledge of the Toxoplasma serological status of patients is of utmost importance for prophylactic measures and early treatment of patients with clinical manifestations suggestive of toxoplasmosis. In most nonreference laboratories, the diagnosis is performed by detecting IgG and IgM in the serum of patients by commercially available methods. While the reference method for the de-tection of Toxoplasma IgG is the Sabin-Feldman dye test, only a few laboratories use it because it is difficult to set up, time-consuming, and relatively expensive (7, 8) . Most commercial tests compare their results with those of the Sabin-Feldman IgG dye test without reaching 100% correlation; moreover, the IgG dye test detects IgG earlier than other methods (9) (10) (11) (12) . For Toxoplasma IgM and IgA antibodies, there is to date no reference method and their evaluation is done by comparing one assay to another (9, (12) (13) (14) (15) (16) . Positivity for IgM antibodies is often considered a marker of acute infection, as they appear in the first week following infection (3). However, IgM antibody positivity should be interpreted with caution, as it can persist for years after infection and there are also false-positive IgM test results (3, 8, 17) . IgA test results are used by some laboratories as an additional marker of acute infection in the diagnosis of congenital toxoplasmosis in newborns and could also be used as a marker of reactivation in immunocompromised patients (13, 18, 19) .
The serological diagnosis of T. gondii infection does not rely on a sole subtype of Ig detection. Indeed, detection of IgG and IgM should be performed for each Toxoplasma serology test, with IgA status providing additional information regarding acute infection or reactivation. In the case of positive IgG, IgM, and IgA results, there is a high likelihood of acute Toxoplasma infection, whereas in the case of positive IgG and IgA and negative IgM results, reactivation is suspected (3, (19) (20) (21) . Thus, there is a need to detect several subtypes of Ig in a single assay. To date, no platform is capable of detecting T. gondii IgG, IgM, and IgA simultaneously in the same assay. To facilitate this goal, a multiplexed platform with high assay precision is needed.
Recently, a new near-infrared (NIR) region fluorescence-enhancing plasmonic gold microarray platform was developed to detect multiple antibodies in serum (22) (23) (24) (25) . The unique capabilities of the platform, including a high signal-to-background ratio, broad dynamic range, and high sensitivity, are due to fluorescence enhancement by an underlying nanostructured gold film in the 550-to 900-nm range by up to ϳ100-fold (23) (24) (25) . Such drastic signal enhancement by nanoengineered gold structures has enabled an ϳ2-log increase in the dynamic range and sensitivity of fluorescence detection methods and assays. Moreover, multiplexed detection can be easily implemented on the plasmonic gold film to detect a panel of antibodies over an array of spatially defined antigen spots, with multicolor capability in the visible-to-NIR region (500-to 900-nm) window to simultaneously detect IgG, IgM, and IgA subtypes of each antibody in the same run. All of these tests can be accomplished with a single drop of serum or whole blood. Such a technology is unique and ideally suited for serological screening for infectious diseases with greatly improved sensitivity and specificity, a rapid turnaround, and a low cost. Here, taking advantage of the advanced features of plasmonic gold, we demonstrate the simultaneous detection of IgG, IgM, and IgA antibodies to T. gondii in ϳ1-l serum and whole-blood samples. By multiplexing the assay with a small sample volume, we have developed a toxoplasmosis test that matches the performance of the dye test used by reference laboratories at a small percentage of the cost, thus opening a door to universal screening in the United States, as well as in much-less-developed countries.
MATERIALS AND METHODS
Plasmonic gold film on glass slides and antigen selection. A plasmonic gold film composed of tortuous gold nanoislands was fabricated on glass slides through a solution phase growth method as previously described, resulting in a surface packed with gold nanoislands with plasmon resonance in the NIR region and abundant nanoscale gaps ( Fig. 1a ) (23) . We generated and optimized T. gondii antigen microarrays on such nanostructured plasmonic gold films. A commercial antigen mixture (Toxoplasma IgG; BioCheck, Inc.) having sufficient binding to IgA antibodies was selected for the detection of T. gondii IgG and IgA antibodies. T. gondii antigen mixture M, produced in our Palo Alto Medical Foundation Toxoplasmosis Serology Laboratory (PAMF-TSL; a reference laboratory for toxoplasmosis in the United States), was used to detect T. gondii IgM antibodies. Antigen mixture M was prepared as described previously and is currently used for the detection of IgM by enzyme-linked immunosorbent assay (ELISA) at the PAMF-TSL (15) .
Antigen microarray printing and microarray protein assay. The two T. gondii antigens were immobilized on plasmonic gold chips by robotic array printing (Nano-Plotter 2.1; GeSIM) at 0.45 mg/ml in triplicate spots at specific locations ( Fig. 1b and c) . The chips were covered by multiarray chambers (ProPlate; Grace Bio-Labs), and up to 16 individual arrays can be assayed on each chip. Five percent bovine serum albumin (Sigma-Aldrich) in phosphate-buffered saline (1ϫ PBS; GE Healthcare Life Sciences) was then used to block the chips for 1 h. We diluted 1-l human serum or whole-blood samples 100-fold in fetal bovine serum (GE Healthcare Life Sciences), applied them to the printed antigen spots on the Au chips, and incubated them. After 1 h of incubation at room temperature, the human IgG, IgM, and IgA antibodies from the patient samples were captured on the antigen spots and the chips were washed three times with PBST (PBS-0.05% Tween 20 [Sigma-Aldrich]). The Au chips were then incubated for 30 min with a mixture of 2 nM Cy3-labeled antihuman IgG secondary antibody, IRDye680-labeled anti-human IgM secondary antibody, and IRDye800-labeled anti-human IgA secondary antibody (all unlabeled goat anti-human IgG, IgM, and IgA antibodies and Cy3 NHS ester were from Vector Laboratories, and IRDye 680LT NHS ester and IRDye 800CW NHS ester were from LI-COR Biosciences). After incubation, the chips were washed three times with PBST, once with PBS, and once with deionized water and dried with compressed air. Through this sandwich microarray assay process ( Fig. 1b ) on the plasmonic gold film, T. gondii-specific antibodies were captured by the respective target antigens and the antibody subtypes were quantified by the fluorescence of the dye labels on the corresponding secondary antibodies.
Florescence signal analysis. To quantify anti-Toxoplasma IgG, IgM, and IgA captured on the antigen spots on plasmonic gold chips, we used a GenePix 4000B scanner (Molecular Devices) to detect the Cy3anti-human IgG signal and a LI-COR Odyssey scanner (LI-COR Biosciences) to scan the IRDye680 -anti-human IgM and IRDye800 -antihuman IgA signals. The microarray fluorescence-scanned images were analyzed by GenePix 6.1, and fluorescence signals at the antigen spots were quantified to probe the relative amounts of the three subtypes of T. gondii-specific antibody detected in each patient's serum or blood sample. On each Au chip, positive and negative standard controls for the three subtypes of antibodies were also included for assay quality control and signal normalization. Each patient's final result was quantified by a mean fluorescence intensity (MFI) ratio obtained by dividing the actual MFI of spots by the MFI of the spots of the standard positive-control sample. The same positive-and negative-control samples were used for signal normalization for all of the samples measured throughout this work.
Origin of serum and whole blood. The serum and the control samples used in this study came from the PAMF-TSL Biobank. The retrospective use of the serum was approved by an institutional review board-approved waiver of consent and waiver of authorization. We used ultrasmall sample volumes for multiplexed and multicolor antibody detection on the plasmonic gold platform, and the results were compared side by side to standard IgG dye test results and IgM and IgA double-sandwich ELISA results for T. gondii-specific antibodies developed at the PAMF-TSL (15, 26, 27) . The following titers were considered positive at the PAMF-TSL: IgG dye test, Ն1:16; IgM, Ն2; IgA, Ն2.1 (15, 26, 27) . The IgM and IgA ELISAs both had a "gray zone" for the samples near the cutoff titers, and there were two serum samples in the IgM ELISA gray zone (with test results between 1.7 and 1.9) and four serum samples in the IgA ELISA gray zone (with test results between 1.9 and 2). Since none of these gray zone samples had an interpretation of acute infection or reactivation, we categorized them as negative in our analysis of results.
The whole-blood and serum sample pairs were provided by five vol-unteers for comparison of the test results based on serum samples and whole blood. All of the serum and whole-blood samples were tested blind on the plasmonic gold platform. Statistical analysis. The VassarStats Website for Statistical Computation was used for the statistical analyses. The K coefficient (Cohen's kappa coefficient) was used to compare the results of the plasmonic gold platform with those from the PAMF-TSL. Better agreement between the plasmonic gold platform and the PAMF-TSL results would lead to an increased kappa coefficient. Perfect agreement would equate to a kappa coefficient of 1, and chance agreement would equate to a kappa coefficient of 0. Kappa coefficients between 0.81 and 0.99 are considered nearly perfect, those between 0.61 and 0.80 indicate substantial agreement, and those between 0.41 and 0.60 indicate moderate agreement (28) .
RESULTS
Choice of dye for secondary detection antibody. The plasmonic gold platform could enhance the fluorescence of multiple dyes with nonoverlapping emission spectra such as Cy3, IRDye680, and IRDye800 (22) (23) (24) (25) . This multicolor capacity in the 500-to 900-nm visible-to-NIR spectral window allowed simultaneous detection of the IgG, IgM, and IgA antibody subtypes in the same sample with high signal-to-noise ratios and a broad ϳ4.5-log dynamic range of the signals for all three colors and antibody subtypes. Since IgA and IgM were the less abundant antibody subtypes in human serum, we particularly assigned IRDye800 and IRDye680 with 50-to 100-fold fluorescence signal-to-noise ratio enhancement to accurately report their signals. The visible Cy3 label was used to detect the more abundant IgG antibodies in human serum and blood samples, with a signal-to-noise ratio enhancement of ϳ3to 5-fold over conventional substrates (25) .
Multiplexed detection of T. gondii antibodies from ultrasmall volumes of human serum. We first tested a small set of 56 patient serum samples (ϳ1-l sample volume) to evaluate the capability of our multicolor T. gondii antibody assay on the plasmonic gold platform and to establish positive and negative cutoff values for each of the three antibody subtypes. Indeed, in a patient's serum sample previously confirmed to be positive for Toxoplasma IgG, IgM, and IgA antibodies at the PAMF-TSL, we observed high positive Cy3-anti-human IgG, IRDye680 -anti-human IgM, and IRDye800 -anti-human IgA signal levels on the printed antigen spots ( Fig. 2a, patient 1 ). Using this multicolor detection scheme, we were able to clearly identify and quantify the signals for T. gondii IgG, IgM, and IgA in each sample (Fig. 2) . Assay results obtained with the plasmonic gold platform successfully identified patients without T. gondii infection showing very low signal levels in all antibody subtypes (e.g., sample 39 in Fig.  2a ), patients with suspected acute infection who tested positive for IgG, IgM, and IgA (e.g., sample 1 in Fig. 2a ), and patients with chronic infection who tested positive for IgG and negative for IgM and IgA (sample 25 in Fig. 2a ). The fluorescence signals of the three subtypes of antibodies in each of the 56 samples were quantified and normalized to the IgG, IgM, and IgA MFI signals of a positive-control sample (Fig. 2b) . The resulting signals (as normalized ratios) were analyzed, and cutoff values for the three subtypes were selected (IgG, 0.18; IgM, 0.55; IgA, 0.5) such that the multiplexed plasmonic gold assay could best differentiate positive and negative samples ( Fig. 2b) and match the diagnostic results of the IgG dye test and the IgM and IgA ELISA from the PAMF-TSL. These cutoffs were then used in the analysis of test results from a larger set of patient samples and were proven to be suitable for the determination of T. gondii IgG-, IgM-, and IgA-positive or -negative status.
Plasmonic gold chip and IgG dye tests have the same sensitivity and specificity. We tested a larger set of 168 patient serum samples on plasmonic gold chips and measured T. gondii-specific IgG, IgM, and IgA antibodies simultaneously by using only 1 l of each sample. The results of the IgG dye test, IgM ELISA, and IgA ELISA from the PAMF-TSL were used as gold standards for comparison and validation of those obtained with the plasmonic gold platform. Since IgG is the most important indicator of T. gondii infection, quantitative fluorescence signals corresponding to Tox-oplasma IgG of all 168 patients measured on gold chips were plotted on the same graph ( Fig. 3a) with the corresponding dye test results ( Fig. 3b ). Of the 168 serum samples tested, 103 had negative dye test titers of Ͻ1:16 and 65 had positive dye test titers of Ն1: 16 . We found that the plasmonic gold chip results displayed perfect correlation with the dye test results obtained with the same 65 samples detected as positive for T. gondii IgG and the rest of the test population with negative IgG results (Fig. 3c ). The sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of IgG detection by gold chip were all 100% for the 168 patients tested (Table 1) . Interestingly, the plasmonic gold platform was able to detect even the very low IgG dye test results of 23 serum samples with titers between 1:24 and 1:512. Moreover, the simultaneous detection of IgM and IgA on gold chips also had excellent sensitivity (97.6 and 90.9% for IgM and IgA, respectively) and specificity (96.9 and 95.2% for IgM and IgA, respectively) ( Table 1) .
We tested all of the 168 patient samples for IgG, IgM, and IgA against T. gondii antigen in three independent experiments on various days and on different gold chips and obtained excellent reproducibility in the sensitivity and specificity of the multiplex, multicolor assay on the plasmonic gold chips, and the measurement coefficient of variation was ϳ15%. We also used our chosen toxoplasmosis antigens to test for antibodies to other infectious disease pathogens such as cytomegalovirus, rubella virus, and herpesvirus, and we did not observe any cross-reactivity issues, indicating a high specificity of our chosen toxoplasmosis antigens for T. gondii infection. Multiplexed detection of T. gondii antibodies in ultrasmall volumes of whole blood. The plasmonic-gold-based assay was also promising in detecting T. gondii IgG, IgM, and IgA antibodies in ultrasmall volumes of ϳ1 l of human whole blood (Fig. 4a) . The results of antibody detection in whole-blood samples were highly consistent with those obtained by using serum samples from the same patient (Fig. 4b and c ). There was also an excellent correlation between the whole-blood test results and IgG dye test and IgM and IgA ELISA data from the PAMF-TSL, as only sample C tested positive for both IgG and IgM. The whole-blood assay results need to be further confirmed with a larger sample set.
DISCUSSION
The annual global burden of congenital toxoplasmosis has been estimated at ϳ190,000 cases, corresponding to an incidence of 1.5 newborns per 1,000 live births (29) . In congenitally infected infants and immunocompromised patients, T. gondii can be responsible for severe ocular and neurological complications (3). Thus, there is a real need to integrate T. gondii screening into public health policies and services worldwide (29) . However, because of the current complexity and price of the assays proposed, this screening has not yet been implemented worldwide, including the United States (30) . In our study, we have demonstrated that fluorescence-enhancing plasmonic gold substrates can facilitate highly sensitive multiplexed tests for detecting T. gondii antibody subtypes in a drop of serum or whole blood. We achieved the simultaneous detection of three subtypes of human antibodies (IgG, IgM, and IgA) to T. gondii in ultrasmall sample volumes by using three fluorophores in the visible and NIR regions with nonoverlapping emission spectra. Fluorescence signal enhancement enabled three-color antibody tests with a high signal-to-noise ratio and broad signal dynamic range for detecting the three antibody subtypes with three different fluorophores. The relatively low abundance of IgA and IgM was detected with high sensitivity by choosing the fluorophores with the highest fluorescence enhancement on the plasmonic gold platform. Thus, we established that the plasmonic gold platform is a highly sensitive, multiplexed, and multicolor approach to the detection of multiple antibodies and antibody subtypes in a minute amount of sample, including serum and whole blood. Currently, the detection of all three immunoglobulin isotypes of T. gondii is done mostly by carrying out three individual tests that require much larger sample amounts. This was the first time a multicolor microarray on plasmonic gold chips was used for infectious disease detection and diagnosis. Using this multicolor detection scheme, we were able to differentiate patients with suspected acute infections from those with chronic infections with sensitivity and specificity matching those of well-established assays performed in the National Reference Laboratory for toxoplasmosis in the United States (PAMF-TSL). This opens up the opportunity for the plasmonic gold platform to be used as new research tool, potentially replacing the current diagnostic tests for T. gondii and enable mass screening in the United States and other regions or countries.
The results of IgG detection on the plasmonic gold platform perfectly matched the results of the IgG dye test, which is considered the reference method for IgG detection (9, 12, 31) . In addition to the multiplex capacity and the small sample volume, this perfect correlation represents an important advantage as it will allow us to have a test with results equivalent to those of the IgG dye test without all of the inconvenience of its complex implementation and interpretation (7, 8) . Comparing the results of IgM detection on the plasmonic gold platform to those of the PAMF-TSL IgM ELISA, we reached an agreement of 97%, which is very good compared to the assays performed in nonreference laboratories in the United States (17) . A recent study found that only 49% of the IgM-positive samples tested in nonreference laboratories were determined to be positive at the PAMF-TSL, suggesting that the T. gondii IgM tests in nonreference laboratories were possibly inferior to the plasmonic gold IgM test with ϳ97% agreement with the PAMF-TSL result (17) . Moreover, the IgM PPV of the plasmonic gold platform was 90.9%, which is much higher than that found in some commercial laboratories with a PPV of 6% (32) . To date, there is no reference method for IgM detection and the commercially available assays have different sensitivities and specificities according to comparisons with each other. In our study, we obtained high sensitivity and specificity and also good PPV and NPV compared to the PAMF-TSL IgM ELISA.
IgA detection gives additional information about a patient's T. gondii serological status. IgA positivity associated with IgG and IgM is in favor of acute infection. IgA test results seem to be less sensitive than IgM test results but give a higher specificity and PPV for the diagnosis of acute infection (13, 33, 34) . Moreover, IgA detection is important for the diagnosis of congenital toxoplasmosis and could also be useful in immunocompromised patients in the case of reactivation (8, 19, 21, 27, 33) . In our study, we obtained very good sensitivity and specificity of IgA test results (90.9 and 95.2%, respectively). Thus, with the simultaneous detection of three subtypes of antibodies, the plasmonic gold platform can be used to perform Toxoplasma serology screening and also, in the case of IgG, IgM, and IgA positivity, could give additional information regarding the likelihood of acute infection.
In addition to the advantages of the multicolor assay for the detection of various subclasses of antibodies, the plasmonic gold chip platform offers other properties superior to those of current diagnostic methods such as the ability to use ultrasmall human sample volumes for assay processing. The IgG dye test and IgM and IgA ELISAs require several milliliters of serum, making it necessary for patients to get venous blood draws, and then, depending on the need for confirmatory testing, the blood samples will be transported among various laboratory facilities. In contrast, the plasmonic gold platform can use ultrasmall volumes of samples, including whole blood, which could enable the use of samples obtained by finger pricking for point-of-care diagnostics and thus entirely alter the current approach.
To date, the sole commercial multiplexed test uses the Bio-Plex 2200 system (Bio-Rad), which is based on Luminex technology, but a single run cannot detect, as our assay does, all three subtypes (IgG, IgM, and IgA) of antibodies (35) . The volume of serum required is at least 50 l, and the high cost of this technology is unsuited for mass screening. Indeed, among the main stumbling blocks to the implementation of universal screening of pregnant women for toxoplasmosis and other infectious diseases are the fragmentation and high cost of existing assays (30) . On the other hand, according to Stillwaggon et al., universal screening is a cost-saving strategy even in countries with a low incidence of congenital toxoplasmosis, including the United States (30) . With plasmonic gold chips, T. gondii IgG, IgM, and IgA tests can be completed within 2 h at $10 per patient. This is due to the very small quantities of reagents required in addition to the high multiplexing capacity of this nanotechnology-based platform. Thus, the plasmonic gold platform has the advantages of high affordability; high assay performance, matching that of the well-established but fragmented tests in the reference laboratories; and ease of implementation in any diagnostic laboratory facility. Likewise, the platform developed is not only a screening test but also, with the multiplexed (IgG, IgM, and IgA) capacity and high correlation with the IgG dye test and IgM and IgA ELISA, less confirmatory testing would be necessary, which could make the plasmonic gold assay an effective and cost-saving diagnostic test.
The plasmonic gold platform can also be easily upgraded for multiplexed detection of the serology of several infectious diseases combined such as the ToRCH panel (T. gondii, herpesvirus, cytomegalovirus, and rubella virus) plus HIV and hepatitis B virus. Antibodies to these major pathogens and their IgG, IgM, and IgA subtypes can be simultaneously detected in a single droplet of serum or whole blood, with high test performance matching that of gold-standard individual tests based on large sample volumes. Such a capability will offer new opportunities for mass detection serology allowing the screening of patients at an affordable cost. 
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